Introduction {#Sec1}
============

Topological Insulators (TIs) provide new perspectives for next generation spintronics devices thanks to a natural spin polarized surface current that is topologically protected^[@CR1],[@CR2]^. After an intense effort to develop a comprehensive understanding of the bulk properties^[@CR1],[@CR2]^, the age of the investigation of integration of TIs at nanoscale is heralded by now^[@CR3]^. Among exciting perspectives for nano-spintronics, TIs can be used for charge-to-spin current conversion^[@CR3]^ or Dirac fermions based nanometer Schottky diode^[@CR4]^. However, as known in quantum wells, dots or nanocrystals^[@CR5],[@CR6]^ or in metallic nanostructures^[@CR7]--[@CR9]^, the downscaling usually leads to apparition of size dependent properties and an enhancement of the quantum confinement effect. In the case of TIs films, it has been reported that the electronic properties are deeply affected indeed under a reduction of the layer thickness where the electronic structure deviates from the bulk one with the lost of surface Dirac states properties^[@CR10],[@CR11]^. A gap opening in the surface Dirac states appears as well as a profound modification of the bulk electronic levels (conduction-CB and valence-VB bands). This phenomenon revealed by Angle-Resolved Photoemission Spectroscopy (ARPES), appears around below 4 nm in Bi~2~Se~3~ (BS) compound^[@CR10],[@CR11]^ and 3--4 nm in Bi~2~Te~3~ ^[@CR12]^. A sketch of the thickness dependence electronic structure is shown in Fig. [1a](#Fig1){ref-type="fig"}  ^[@CR12]^. Different mechanisms have been discussed to elucidate this phenomenon, including substrate-mediated Rashba effect^[@CR10]^ and the existence of a crossover from a 3D to a 2D topological insulator^[@CR13]^. The band gap opening has been reproduced theoretically and it has been reported that additional quantum size effects should appear leading to topological quantum phase transitions that depend on the film thickness^[@CR14]--[@CR16]^. While this drastic evolution of the electronic structure submitted to a strong confinement has been well described in TIs at the thermodynamic equilibrium with photoemission spectroscopy^[@CR10]--[@CR12]^ and with transport properties measurements^[@CR17],[@CR18]^, the consequence of this confinement on the ultrafast dynamics of carriers and phonons has been debated only recently in BS^[@CR19],[@CR20]^. The ultrafast dynamics of carriers and phonons are only well characterized in bulk crystals of TIs with either time-resolved ARPES or optical methods^[@CR21]--[@CR26]^. Moreover, while a theoretical prediction of the enhancement of the coupling between the surface electrons and the acoustic phonons has been reported for a confined structure^[@CR27]^, no direct experimental reports confirm these predictions so far while ultrafast optics can provide new insights.Figure 1Electronic structure characterization of ultrathin Bi~2~Te~3~ layers with thickness gradient. (**a**) Sketch of the thickness dependence of the bulk and surface electronic states in Bi~2~Te~3~ ^[@CR12]^. CB, VB and SS mean conduction and valence bands and surface states respectively. (**b**) Art view of the cross section of the step sample 1 with as inset in the bottom of the figure the thickness dependence of the LEED image obtained for two energies. These images confirm the six-fold symmetry of the z-grown BT layers. (**c**) Art view of the cross-section of the wedge sample together with the continuous wavelength optical transmission (dashed curve is the calculated optical transmission following the Beer-Lambert law, see Methods) and reflectivity along the thickness gradient. (**d**) Valence X-ray photoemission spectra of BT films for variable thicknesses obtained *in-situ* (vacuum) for step sample 2. (**e**) Examples of XPS spectra of the step sample 1 for two thicknesses (8 and 2 nm) obtained for as-grown BT layer (blue curves) and after passivation with oxide cap layer (red curves).

In this article, we study the confinement effect on the electronic structure as well as on the ultrafast dynamics of carriers and phonons. We first confirm the appearance of the evolution of the electronic structure for very thin layers with X-ray Photoemission Spectroscopy (XPS) in accordance with what was observed in BS^[@CR10],[@CR11]^ and BT^[@CR12]^ compounds. Secondly, thanks to femtosecond optical pump-probe methods, we reveal several anomalies on the carriers and coherent phonons ultrafast dynamics in Bi~2~Te~3~ (BT) when the layers thickness is typically smaller than the critical value of \~6 nm. We report indeed a dramatic modification of the hot carriers relaxation time with a reduction from around 2.2 ps (bulk) down to around 200 fs for layer as thin as 4 nm. This transition appears somehow universal since it has been observed for two different samples exhibiting both thickness gradient but having been grown according either to a step or wedge geometry. In parallel to the electron-phonon relaxation time determination, we also report a modification in the spectrum of the photoinduced phonons in the confined nanostructures. While for so-called thick BT layers, the optical phonon mode A1g is clearly generated and detected as expected from bulk behavior, a clear softening and a decrease of its lifetime are observed for ultrathin layers. Surprisingly, while the A1g phonon signal vanishes for ultrathin layers, an increasing contribution of coherent acoustic phonons signal appears with a clear resonant effect. These carriers and phonons dynamics size dependence suggests the existence of a transition in the mechanism of the electron-phonon coupling when reducing the TIs layer which has to be taken into account in the perspectives of the development of TIs nanodevices.

Results {#Sec2}
=======

Electronic structure of ultrathin BT layers {#Sec3}
-------------------------------------------

The investigations were carried out with single crystalline Bi~2~Te~3~ (BT) ultrathin films having thickness varying from around 2 nm up to 10 nm and grown with molecular beam epitaxy with PREVAC system^[@CR28]^. Different samples were grown with a step or a wedge geometry as shown in Fig. [1b,c](#Fig1){ref-type="fig"} (see Methods). Low Energy Electron Diffraction (LEED) image was realized for the step sample (step sample 1) as a function of the BT layer thickness (Fig. [1b](#Fig1){ref-type="fig"} confirms the films grow along the c-axis having a six-fold symmetry). Additional LEED analysis are shown in the Supplementary Figures [1](#MOESM1){ref-type="media"}--[2](#MOESM1){ref-type="media"} of Supplementary Note [1](#MOESM1){ref-type="media"}. A wedge sample was also grown and a continuous wavelength optical transmission experiment (bottom of Fig. [1c](#Fig1){ref-type="fig"}) was carried out to confirm the thickness gradient of the wedge sample (see Methods). *In-situ* XPS measurements (Fig. [1d](#Fig1){ref-type="fig"}) performed on step sample 2 within two regions of 4 and 10 nm of thickness confirms that the electronic structure evolves for ultrathin layer in agreement with the literature^[@CR10]--[@CR12]^. The general structure of the valence band is in agreement with the previous experimental results and calculations of total DOS (density of states) for the thick layer (10 nm)^[@CR25]^. However, a clear difference is visible at the valence band offset where the lowering of the top of valence band by about 0.2 eV with respect to the thicker films is detected for the 4 nm thick film. At the same time the intensity in the vicinity of the Fermi level is unchanged. This is related with the position of the Fermi level which is crossing the bottom of the bulk conduction band. This indicates a n-type doping for our BT films. Regarding the core-levels XPS data (realized on step sample 1 and shown in Fig. [1e](#Fig1){ref-type="fig"}), the analysis of the Bi and Te most prominent photoemission lines show one chemical state characteristic for Bi~2~Te~3~ ^[@CR28]^ (more complete description of XPS analysis is given in the SI). In Fig. [1e](#Fig1){ref-type="fig"} we show the Te 3d~5/2~ line for the as grown film and after the oxidation in air (Bi lines are shown in the Supplementary Figures [3](#MOESM1){ref-type="media"}--[5](#MOESM1){ref-type="media"} in the Supplementary Note [1](#MOESM1){ref-type="media"}). The native and optically transparent oxides layer is formed by TeO~2~ and Bi~2~O~3~ which stabilizes the surface. An angle dependent XPS investigation taking into account the variation of the various components intensity and electron inelastic mean free path have shown that the oxides are on the surface and have a typical thickness of \~2 nm (see SI)^[@CR29]^. It is important to underline that under surface passivation by the oxides, the core levels (Bi and Te lines) characteristic to BT TIs remain unchanged confirming the stability of the bulk properties of the layer over several months. We are aware that the passivation may affect the surface states^[@CR30],[@CR31]^ since they are very sensitive to a small amount of extrinsic surface defects and are submitted to a rapid aging (few minutes) even in high vacuum. However, we did not observe any changes in the *in-situ* obtained XPS spectra within several minutes and hours after deposition. Consistently with our XPS analysis, we will see in Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, the ultrafast light-excitation of the A1g Raman active mode of BT films confirming the right structure is obtained. Moreover, the analysis of the evolution in time of the light-excited acoustic phonons (Supplementary Figure [1](#MOESM1){ref-type="media"} in Supplementary Note [1](#MOESM1){ref-type="media"}) permits to confirm that the oxide layer is stable in time in agreement with XPS analysis.Figure 2Ultrafast optical response of ultrathin layers of Bi ~2~Te~3~.Time-resolved optical reflectivity obtained for various layers of BT for the step (**a**) or the wedge (**b**) sample. The signals are normalized to the maximum of electronic peak. (insets) The pump and probe are represented in the artist view as red and orange beams. (**c**) Contributions of the phonons signals to the transient reflectivity signals for three different thickness. (**d**) Thickness dependence of the longitudinal acoustic resonance eigenmode period $\documentclass[12pt]{minimal}
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Ultrafast carriers and phonons dynamics {#Sec4}
---------------------------------------

Some typical time-resolved and thickness dependent optical reflectivity signals are given in Figs. [1a,b](#Fig1){ref-type="fig"} for the step sample 1 and the wedge sample respectively. The signals are composed first of a sharp variation of the transient optical reflectivity consecutively to the electronic excitation. Then the decay of the signals is evidenced with, as superimposed, some oscillatory components due to the photoexcitation of phonons (Fig. [1c](#Fig1){ref-type="fig"}) that we will discuss latter on. The electronic and the phonons contributions to the transient optical reflectivity were separated as $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}R/R$$\end{document}$)~*phonons*~, where the electronic contribution is composed of a fast rising signal due to the carriers excitation induced by the pump beam followed by a decay described by two exponential functions with a fast decay time ranging from 200 fs to 2 ps (depending on the layer thickness) and a slower component with a time ranging from 30 to 60 ps associated to long living carriers and thermal relaxation process (see Supplementary Note [2](#MOESM1){ref-type="media"} and Supplementary Figure [7](#MOESM1){ref-type="media"} for a detailed example of the fitting procedure). Whatever the step or wedge sample, the first striking evidence we report, is a huge modification of the carrier relaxation time and phonons dynamics (Figs [1](#Fig1){ref-type="fig"}--[4](#Fig4){ref-type="fig"}) for topological insulator films having a very small thickness (typically \<6 nm). Moreover, we observed similar behavior when performing the optical transmission measurements ($\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}T/T$$\end{document}$) as shown in the Supplementary Figure [8](#MOESM1){ref-type="media"} indicating the response is really intrinsic to the BT layer. For thick BT layers, the characteristic time of around 2.2 ps is similar to the relaxation of hot carriers (electron and hole) probed in the visible range for bulk Bi~2~Se~3~ ^[@CR21],[@CR22]^ and bulk Bi~2~Te~3~ ^[@CR26]^, while for most confined BT layers, the carrier relaxation time drastically diminishes down to around 200 fs (Fig. [2a](#Fig2){ref-type="fig"}). This indicates that the scattering process is close to ten times stronger in the confined BT. We also notice that we were not able to get a clear signal for the thinnest BT layer (2 nm) of the step sample 1. The oscillatory components obtained for thick BT films reveal clearly the A1g mode at 1.86 THz in accordance with the literature^[@CR33]--[@CR36]^ (Fig. [2c](#Fig2){ref-type="fig"}). An additional modulation of the signal, well visible for the 4.5 nm layer in Fig. [2c](#Fig2){ref-type="fig"} (time range 0--2.5 ps), which does not depend on the sample thickness is assigned to the vibration of the top oxide layer (2 nm). While scrutinizing the time-domain optical phonon signals, we evidence a slight optical phonon A1g softening (Fig. [2a,c,d](#Fig2){ref-type="fig"}) as well as a decrease of the lifetime (Fig. [2b](#Fig2){ref-type="fig"}), confirming that a modification of the interatomic potentials might occur for most confined layers. This softening (\~4%) and damping enhancement is consistent with the observations made in Raman scattering measurements where the incoherent A1g phonon exhibits such softening in Bi~2~Se~3~ ^[@CR20],[@CR37],[@CR38]^ and in Bi~2~Te~3~ ^[@CR39]^. The fact that this A1g softening occurs both with phonons that are photoexcited with a laser pulse or with thermally excited phonons (Raman spectroscopy) indicates that the softening does not come from hot electrons-driven potential softening as known for bismuth crystal^[@CR40],[@CR41]^. A detailed description of our pump power dependence of the A1g mode is shown in Supplementary Figure [9](#MOESM1){ref-type="media"}. As a last observation, our experimental results evidence the appearance of a larger coherent acoustic phonons signal when the layer becomes thin enough (Figs [1](#Fig1){ref-type="fig"}c and [2a,b](#Fig2){ref-type="fig"}). The spectral analysis of this acoustic phonon signal reveals that the main oscillatory part we observed comes form the excitation/detection of the first acoustic eigenmode of the thin film with $\documentclass[12pt]{minimal}
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                \begin{document}$$V$$\end{document}$ is the sound velocity of the BT layer. The analysis of the eigenmode frequency scales indeed with the inverse of the thickness (Fig. [1d](#Fig1){ref-type="fig"}) without any clear anomaly on the sound velocity we estimate at around 2260 m.s ^−1^. However a resonant-like effect is observed in the thickness dependence of the coherent acoustic phonons amplitude as depicted in Fig. [4](#Fig4){ref-type="fig"}. The coherent acoustic phonon amplitude (first eigenmode amplitude) clearly increases from 10 to 5 nm while below 5 nm a new regime appears. It is worth to mention that this critical value of 5 nm corresponds quite well to the characteristic thickness below which the carrier relaxation time suddenly falls down (Fig. [2a](#Fig2){ref-type="fig"}). As a summary, this set of physical parameters measurements provide a new insight on the ultrafast dynamics of carriers and phonons while submitting the BT compound to a strong confinement. In the next section we discuss the possible fundamental physical origins of these phenomena never reported in TIs BT up to now.Figure 3Thickness dependence of the ultrafast carrier and phonon dynamics. (**a**) Thickness dependence of the electron-phonon relaxation time for the wedge (black squares) and step (centred blue squares) samples. Thickness dependence of the A1g optical phonon frequency (red dots). (**b**) Thickness dependence of the A1g optical phonon amplitude (gold squares) and FWHM (green dots) (**c**) Typical oscillatory component at short time scale revealing the A1g optical phonon. (**d**) Fast Fourier Transform (FFT) of signal shown in (**c**) revealing the A1g mode softening for ultrathin layer. Figure 4Coherent acoustic phonon generation and detection. (**a**) Map of the optical and acoustic phonon mode amplitudes (fixed pump power) versus time and along the thickness gradient revealing the appearance of larger acoustic phonon signals for ultrathin layers. (**b**) Thickness dependence of the amplitude of the photodetected coherent acoustic signal. A model (green curve) taking into account the detection process and an estimated size dependent electron-hole acoustic deformation potential from the literature^[@CR10]^ provides a semi-quantitative explanation of the experimental observations.

Discussion {#Sec5}
==========

Carrier relaxation dynamics {#Sec6}
---------------------------

The thickness (*L*) dependence of the electronic levels ($\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}E=A/{L}^{{\rm{2}}}$$\end{document}$ ^[@CR42]^. This leads in general to size dependent carrier relaxation time with different power of law due to complex dynamics^[@CR6]^. Reduction of the relaxation time has been reported several time in the literature like in the case of CdSe or CdS nanocrystals^[@CR5]^ where it is reduced by a factor of 3 (from 270 f s to 85 fs) when the nanocrystal diameter is reduced from 4 nm to 2 nm. Similar decrease of the carrier lifetime $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}{\nu }_{{\rm{A1g}}}$$\end{document}$ as if a common physical mechanism correlates these parameters. It is important to remind that TIs nanolayers are confined only in one direction while nanocrystals are 3D quantum-confined systems. We know that the electron-hole relaxation time depends both on the matrix element (deformation potential term in the Hamiltonian^[@CR43]^) and on the final density of states according to the Golden Fermi rule, but the quantitative relationship between this experimental law and the size dependent electronic structure is not an easy task since a complete electronic and phonon dispersion curves are required for bulk and surface states. No complete theoretical formulation of the size dependence relaxation time of the photoexcited population in CdSe and CdS was reported so far due to the same complexity^[@CR5]^. Different possible contributions can be proposed. When the size of the system is reduced, the carriers surface trapping is known to be more efficient since the probability per unit of time for an electron to reach the surface increase as soon as the mean free path of electrons is comparable with the size of the object. This has been already discussed in the case of semiconductor nanostructures^[@CR5]^. This surface recombination was one channel of relaxation in semiconductor nanocrystals but quantum size effect on the electron-phonon coupling was also evoked^[@CR5]^. In the case of metallic nanoparticles, the proposed interpretation was based on the reduction of electron-ion screening interaction due to a decrease of the carrier density close to the surface which contains a non-negligible number of atoms compared to volume ones for few nm nanoparticles radius R^[@CR7],[@CR8]^. A phenomenological scattering rate equation was proposed with $\documentclass[12pt]{minimal}
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                \begin{document}$${V}_{{\rm{F}}}$$\end{document}$ are the bulk e-ph relaxation time, an adjustable coefficient and the Fermi velocity^[@CR7]^. In the case of BS thin films, a decrease of the relaxation time driven by a size dependent Fröhlich interaction was proposed^[@CR19]^ but many other mechanisms can contribute. In the case of BT nanolayers, we can of course think about possible trapping at the oxide cap layer/BT layer interface which could increase the hot carrier damping, even if it is difficult at that stage to evaluate this contribution. Furthermore, it has been also shown that the range of the bulk-surface interband scattering channel has been estimated to occur up to 5 nm in BT compounds^[@CR24]^, which matches well the critical thickness we estimate and could indicate that the anomaly we observe is a crossover from the 3D to the 2D system. This is supported by the fact that it is known that the coupling between surfaces Dirac fermions wavefunctions of two opposite sides of a thin layer has been reported to occur over few nm for BS, and even detectable in film of 10 nm of thickness^[@CR18]^. Moreover, additional effect could be possible such as band bending. It was previously observed at the free surface of a bulk crystal^[@CR4]^ which means that such situation can be enhanced in ultrathin layers of BT with the closeness of the two opposite surfaces. As a consequence, the hybridization of two opposite surfaces states, the surface band bending, the modification of the bulk electronic levels (see Fig. [1d](#Fig1){ref-type="fig"}) as well as the A1g optical phonon softening that we report, are all physical parameters that obviously must correspond to a modification of the electron-ion interaction, i.e the deformation potential parameter, which might influence the carrier relaxation time. The question is why there is an enhancement of the relaxation under the confinement? Beside the surface trapping effect, our observation of an important enhancement of the coherent acoustic phonon signals (Fig. [4a](#Fig4){ref-type="fig"}) could be a signature of an enhancement of the electron-hole acoustic phonon deformation potential coupling, which could also contribute to the hot carrier damping rate in the case of electron/acoustic phonon collision processes. This electron-hole acoustic phonon deformation potential is also the driving parameter for the photoexcitation process of coherent acoustic phonon^[@CR33]^; as a matter of fact, discussing the thickness dependence of the coherent acoustic phonon signal may provide new insight on this electron-phonon coupling strength as presented in the following.

Electron-hole acoustic phonon deformation potential {#Sec7}
---------------------------------------------------

The electron-hole acoustic phonon deformation potential is expected to be thickness dependence in topological insulators ultrathin films since the energy bands evolve quite a lot as we observed (Fig. [1c](#Fig1){ref-type="fig"}) and accordingly to the literature refs^[@CR10],[@CR12]^). The question is how much this deformation potential varies as a function of the thickness. If we consider that the hot electrons (holes) rapidly thermalize down (up) to the conduction (valence) bands, the relevant deformation parameter is the one close to the band gap (*E* ~g~) with:^[@CR44]--[@CR47]^ $$\documentclass[12pt]{minimal}
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This approximation is justified as soon as the frequency of the detected coherent acoustic phonons is smaller than the inverse of the time of thermalization in the conduction and valence bands respectively with^[@CR44],[@CR46],[@CR47]^. As mentioned above in the description of our results, the coherent acoustic phonons under discussion are those corresponding to the thin film eigenmodes, i.e. those inducing an out-of-plane strain $\documentclass[12pt]{minimal}
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We have access to the thickness dependence of the band gap in the literature with different precisions for BS and BT compounds^[@CR10],[@CR12]^. As a first element of discussion, we have estimated the experimental parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$L\frac{\partial {E}_{{\rm{g}}}}{\partial L}$$\end{document}$ in BS compound based on experimental data^[@CR10]^ (we used so-called CB1 and VB1 values of ref.^[@CR10]^. to evaluate the band gap *E* ~g~). The thickness dependence is shown (blue dashed curve) in Fig. [3b](#Fig3){ref-type="fig"} where we clearly see the enhancement of the deformation potential parameter when reducing the thickness as expected. For the purpose of the comparison we normalize this parameter to the maximum of the experimental amplitude. We are aware that BS and BT are not identical, but this approach shows that an enhancement of the photo induced coherent acoustic phonon could explain partially the experimental observation. There is however a clear deviation for ultrathin layer where the calculated deformation potential cannot explain the sudden decrease of the experimental phonon amplitude. We believe that this effect comes from a detection process that can be numerically estimated as described below. We have realized a calculation of the contribution of coherent acoustic phonons to the transient optical reflectivity (detection process) by considering that none of the physical parameters change but only the thickness is reduced. To do that we have calculated the coherent acoustic phonon contribution to the transient optical reflectivity following the standard method^[@CR48]--[@CR50]^. We have performed this calculation by considering the first acoustic eigenmode ($\documentclass[12pt]{minimal}
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                \begin{document}$${\omega }_{{\rm{0}}}=2\pi {f}_{{\rm{0}}}$$\end{document}$. We can show (see details in Supplementary Note [2](#MOESM1){ref-type="media"}) that this contribution to the transient optical reflectivity is given by^[@CR48]--[@CR50]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{{\rm{1}}}=1.7+i4.5$$\end{document}$ at the probe energy^[@CR32]^). From the literature^[@CR32]^ one can extract both the real and the imaginary part of the derivative of the refractive index at the probe energy (2.2 eV) and we found that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{\partial n{^{\prime\prime} }_{{\rm{1}}}}{\partial {E}_{{\rm{probe}}}}/\frac{\partial n{^{\prime} }_{{\rm{1}}}}{\partial {E}_{{\rm{probe}}}}\sim 1.5$$\end{document}$. The refractive index of Mica was take*n* as *n* ~2~ = 1.6. The result of the calculation gives a time-dependent sinusoidal function for transient optical reflectivity signal with the corresponding frequency of the eigenmode. We focus on the thickness dependence of the magnitude of this signal. This maximum amplitude is not the absolute one, since *A* as well as $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{\partial {E}_{{\rm{probe}}}}{\partial {\eta }_{{\rm{33}}}}$$\end{document}$ (deformation potential at the probe energy) are not known. But, importantly, we can discuss the thickness *L* dependence at least. Considering that the sound velocity of the BT layers does not change (see Fig. [1d](#Fig1){ref-type="fig"}), we can say that *A* is proportional to the electron-hole acoustic deformation potential (*d* ~ac-eh~) and the photoexcited carriers concentration *N* only as:^[@CR45]--[@CR47]^ $$\documentclass[12pt]{minimal}
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As shown in Fig. [1c](#Fig1){ref-type="fig"}, the Beer-Lambert approach appears reasonable which shows that the optical properties do  not drastically change at the probe energy. We can then estimate how *N* varies versus the layer thickness *L* and show that *N* is roughly multiplied by two in a layer of 4 nm compared to a 10 nm thick one. We have taken this into consideration in the calculation.

The calculated thickness dependence of the maximum of amplitude of the detected eigenmode is shown in Fig. [4b](#Fig4){ref-type="fig"} (red dashed curve). A comparison is given with the experimental amplitude (black dots) of the maximum of the eigenmode oscillation (see comparison of some signals in the inset of Fig. [4b](#Fig4){ref-type="fig"}). As mentioned before, we cannot compare the absolute values, but only *L* variations; as matter of fact we have normalized the curve to their maximum for discussing the tendency. It appears that the detection mechanism reproduce an enhancement of the detection of the coherent acoustic phonons as well as a decrease of the detected signal for ultrathin layers. If now we include in this calculation the thickness dependence of the deformation potential, we obtain the green curve (curve labelled as model). Some similitude in the thickness dependence appears but there is a clear shift between theory and experiments that might comes from the approximations we did. Among them, we have used the $\documentclass[12pt]{minimal}
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                \begin{document}$$L\frac{\partial {E}_{{\rm{g}}}}{\partial L}$$\end{document}$ parameter of BS due to the lack of enough precise data for BT. Moreover, we considered the photoelastic coefficient as thickness independent which is very likely not true.

At this level we do not claim that we have definitive conclusion but we have to admit that the comparison between experiments and the theoretical calculation, supports a quantum size effect on the electron-hole acoustic phonon deformation potential as never reported before. As an intermediate important conclusion, this model could establish a possible partial correlation between the size dependent electron-hole acoustic phonon deformation potential and the observation of the increase of the carrier relaxation rate, in the case of predominant scattering of carriers by the acoustic phonons. As discussed above, surface trapping also play probably a role. Moreover, it is worth to underline that our model (Eq. [3](#Equ3){ref-type=""}) is related only to bulk electronic level and does not take into account the electron-hole acoustic phonon coupling with surface states. Recent theoretical consideration done by Giraud *et al* ^[@CR27]^. have shown that the quantum size effect leads also to an enhancement of the Dirac surface electron-acoustic phonon coupling which shows that both approaches go in the same direction suggesting an enhancement of coherent acoustic phonon generation in quantum-confined BT layer. This size dependence of the electron-hole acoustic phonon deformation potential parameter needs to be confirmed with ab-initio calculations.

As a conclusion, this work reveals a clear modification of the out-of-equilibrium carriers and phonons dynamics when the BT layer is reduced to few nanometers. This time-domain investigation provides a new insight in the size-dependent physical properties of topological insulators while size-dependent electronic properties were probed in the past only at the thermodynamic equilibrium. While known for semiconductor and metallic nanostructures up to now, we report a similar drastic decrease of the electron-phonon relaxation time with an increase of the confinement. We can assign this effect to a size-dependent electron-hole phonon deformation potential parameter which need to be confirmed by ab-initio calculation. In particular, the increase of the coherent acoustic phonons signals with decreasing *L* can be explained at least partially by a enhancement of the electron-hole acoustic deformation potential parameter according to our theoretical proposition. The experimental optical measurement integrates bulk and surface electrons, but non negligible surface carriers contribution could exist since our film thickness scales with the required characteristic distance for surface Dirac fermions states to hybridize^[@CR18]^, but it is difficult to give a quantitative estimate by now of separated contributions. Apart this quantum-confinement effect, one cannot exclude the contribution of the carrier surface recombination that could enhance the carrier relaxation as well. All these new physical insights show that downscaling the topological insulators properties is not straightforward and these new experimental reports have to be taken into account for potential TIs based spintronic nanodevices.

Methods {#Sec8}
=======

Sample Preparation {#Sec9}
------------------

The growth of ultrathin BT layers was performed in the co-deposition mode. The electronic and crystallographic characterizations were carried out *in-situ* with the use of XPS (Fig. [1d](#Fig1){ref-type="fig"}) and the low energy electron diffraction (LEED) (Fig. [1b](#Fig1){ref-type="fig"}). The samples were deposited on the (110) freshly cleaved Muscovite mica substrate (Ted Pella, Inc.), in the MBE chamber with mechanical shutter to realize the step and wedge geometries and to control the thickness gradient. Deposition rate was controlled with quartz crystal micro balance, which permits to estimate the thickness with accuracy of ±0.2*nm*. Stoichiometry analysis was done by XPS analysis and details are given in the SI. Static optical transmission (T) measurements were done on the wedge sample to evidence the gradient of the thickness (Fig. [1(c)](#Fig1){ref-type="fig"}). From the thickness of 10 nm down to around 2 nm, the optical transmission increases following well the Beer-Lambert law $\documentclass[12pt]{minimal}
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                \begin{document}$$\xi $$\end{document}$ = 10 nm at an optical wavelength of 582 nm^[@CR32]^, and I~0~ is the transmitted intensity with only the mica substrate. In the very thin regions of the wedge sample (less than 4 nm) some deviations are observed probably due to the electronic properties changes as revealed by XPS (Fig. [1d](#Fig1){ref-type="fig"}).

Time-resolved optical measurements {#Sec10}
----------------------------------

The pump-probe technique used here is based on a 80 MHz repetition rate Ti:sapphire femtosecond laser (120 fs). The pump wavelength is fixed at the harmonic of the Ti:sa laser (830 nm, 1.495 eV) while the probe beam is introduced in a synchronously pumped OPO to tune the wavelength to 582 nm (2.13 eV). The experiments were conducted with the front-front configuration with incident pump and probe beams perpendicular to the surface as shown in Fig. [1](#Fig1){ref-type="fig"} but also in transmission geometry (not shown) since mica substrate is transparent to both pump and probe. Pump-probe experiments were conducted with the wedge sample (passivated) and the step sample 1 (passivated). The pump (1.495 eV) and probe (2.13 eV) absorption lengths are \~10.1 nm and \~9.8 nm respectively^[@CR32]^. This very small penetration depth is due to the specific electronic band structure in this energy range where interband transitions exist^[@CR32]^. The maximum fluence was 100 *μ*J.cm^−2^ which corresponds to a photoexcited carriers concentration of around 10^16^ cm^−3^. Furthermore, in the experiments, the pump and probe are focused with a microscope objective providing a typical spot radius of ≈5 micrometers. With this spot diameter and sample length (along the gradient) of around 1.5 cm (very smooth gradient for the wedge sample) and a width of 1 cm, we were able to investigate many positions along and perpendicular to the gradient which permitted to get a very good statistic of transient reflectivity signals, crucial to reveal subtle properties changes.
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